The human facultative pathogenic yeast Candida albicans causes mucocutaneous infections and is the major cause of opportunistic fungal infections in immunocompromised patients. C. albicans activates both the alternative and classical pathway of the complement system. The aim of this study was to assay whether C. albicans binds human complement regulators in order to control complement activation at its surface. We observed binding of two central complement regulators, factor H and FHL-1, from normal human serum to C. albicans by adsorption assays, immunostaining, and fluorescence-activated cell sorter (FACS) analyses. Specificity of acquisition was further confirmed in direct binding assays with purified proteins. The surfaceattached regulators maintained their complement regulatory activities and mediated factor I-dependent cleavage of C3b. Adsorption assays with recombinant deletion mutant proteins were used to identify binding domains. Two binding sites were localized. One binding domain common to both factor H and FHL-1 is located in the N-terminal short consensus repeat domains (SCRs) 6 and 7, and the other one located in C-terminal SCRs 19 and 20 is unique to factor H. These data indicate that by surface acquisition of host complement regulators, the human pathogenic yeast C. albicans is able to regulate alternative complement activation at its surface and to inactivate toxic complement activation products.
Candida albicans is the most common human facultative pathogenic yeast and causes disseminated infections and causes opportunistic infections of cutaneous and mucocutaneous surfaces (3, 37) . As a yeast form it is a common saprophyte in healthy individuals and resides mainly on the skin and in the oral cavity and urogenital and gastrointestinal tracts. In addition, it is also a causative agent of systemic infections in immunocompromised patients, especially in granulocytopenic patients (12) . C. albicans infections, which are difficult to diagnose and treat, can be lethal (10) . The ability to invade host tissues is an essential part of the pathogenicity of C. albicans and is mediated via surface-expressed adhesion molecules, especially mannoproteins (5) and secretory proteolytic enzymes (4) . Also, morphogenetic changes from yeast to hyphal forms increase adherence to host cells and penetration of tissue and are therefore an essential part of the infection process (7) .
The complement system is an important part of innate immunity. The alternative pathway (AP) is activated on nonprotected surfaces and plays a pivotal role in the clearance of microorganisms. C3 is a central component of the cascade. Cleavage products of C3b on microbial surfaces act as opsonins for neutrophils, macrophages, and eosinophils. Further activation of the terminal pathway leads to formation of potentially cytolytic membrane attack complexes (MAC) on the target surfaces. The complement activation system is controlled by several fluid-phase and cell surface regulators. The main fluid-phase regulators of the AP are factor H and FHL-1. The latter is the product of an alternatively processed nuclear RNA transcript of the factor H gene (15, 46) . Both proteins are exclusively composed of homologous short consensus repeat domains (SCRs), each with approximately 60 amino acids. Factor H, with a molecular mass of 150 kDa, consists of 20 SCRs, and FHL-1, with a molecular mass of 42 kDa, is composed of 7 SCRs identical to the N-terminal SCRs of factor H. In addition, the FHL-1 protein has a unique C-terminal extension of four amino acids. Both proteins act as cofactors for the plasma serine protease factor I in the cleavage of C3b (30, 33, 36) and accelerate the decay of the C3 convertase, C3bBb (32, 43) . Factor H and FHL-1 can also compete with factor B in binding to intact C3b (11) . These regulatory functions lead to downregulation or termination of the complement cascade.
Several pathogenic microbes have been shown to utilize host complement regulators for immune evasion and downregulation of complement activation. Streptococcus pyogenes (22, 24, 27) , Streptococcus pneumoniae (34) , Neisseria gonorrhoeae (39) , Neisseria meningitidis (38) , Borrelia burgdorferi (2, 21, 29) , Echinococcus granulosus (8) , and the human immunodeficiency virus (42) have been reported to bind factor H and/or FHL-1. In their bound configuration these regulators maintain their complement regulatory activities and thus protect microbes against complement-mediated phagocytosis and direct lysis.
C. albicans activates both the alternative and classical pathways of complement (28) . C3b molecules bind directly to the C. albicans surface (AP activation) or via mannan-specific immunoglobulin G antibodies, which occur naturally in human serum (classical pathway activation) (44) . In light of the multiple mechanisms whereby the complement system is activated by C. albicans, it is unclear how this yeast controls complement activation products and whether such products mediate and facilitate opsonization.
In this study we examined utilization of complement regulators factor H and FHL-1 by the yeast form of C. albicans and show binding of factor H and FHL-1 from human serum, as well as purified native and recombinant proteins, to the surface of C. albicans. One binding site, which is common to factor H and FHL-1, was localized within SCRs 6 and 7, and a second site, which is unique to factor H, is within the two most-Cterminal domains of factor H. Attachment via these sites maintain the regulatory functions and allow the inactivation of complement activation products directly on the C. albicans surface. Samples of the wash and elution fractions were subjected to a nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes were blocked with 2.5% BSA-PBS-0.1% Tween-10% RotiBlock (Carl Roth, Karlsruhe, Germany) for 12 h at 4°C and incubated further with a rabbit polyclonal anti-factor H antiserum (dilution, 1:1,000) for 120 min at RT. After five washes with 0.1%Tween-PBS, horseradish peroxidase-conjugated rabbit anti-goat antibody was added at a dilution of 1:2,000, and the membranes were incubated at RT for 60 min. After five washes with 0.1% Tween-PBS, the proteins were detected by enhanced chemiluminescence (Amersham Pharmacia, Piscataway, N.J.). Protein binding assays. Factor H (Calbiochem), purified recombinant FHL-1, C3b purified from NHS, and BSA were labeled with 125 I using the Iodogen technique (Pierce Chemical Corp., Rockford, Ill.) (41) . C. albicans cells grown either at 28 or 37°C were washed three times with 1/3 ϫ VBS (VBS with 50 mM NaCl). Cells (10 7 , 10 8 , and 10 9 ) were incubated with the radiolabeled proteins (20,000 cpm/assay) in 1/3 GVBS (VBS containing 0.1% gelatin) for 20 min at 37°C. In competition assays nonlabeled purified factor H was added to the reaction mixture. Cell-associated and free radioactive proteins were separated by centrifuging the samples through a 300-l column of 20% (wt/vol) sucrose in 1/3 GVBS. Radioactivity in the supernatant and the pellet fraction was measured, and the amounts of bound proteins were calculated as percentages of the total radioactivity. All experiments were performed in quadruplicate.
Effect of heparin on factor H binding to C. albicans. The effect of heparin on the binding of factor H to C. albicans was assayed by incubating cells in the presence of the indicated concentrations (0 to 1,000 IU/ml) of heparin together with labeled factor H. Binding of factor H was detected as described in the protein binding assay. Heparin (5,000 IU/ml) was from Lövens Kemiske Fabrik, Ballerup, Denmark.
Cofactor assay. Cofactor activity assay of surface-attached regulators was performed as described previously (20) . The cells ( 10 7 ) were washed three times with VBS and incubated with NHS-EDTA (both at a dilution of 1:2), purified factor H (100 g/ml), or VBS for 30 min at 37°C on a shaker. Cells were washed three times with VBS, radiolabeled 125 I-C3b (50,000 cpm/assay) and factor I (50 ng/reaction mixture) were added, and the cells were further incubated for 60 min at 37°C. The samples were centrifuged, and the supernatants and pellets were analyzed by SDS-PAGE under reducing conditions to detect the cleavage of 125 I-C3b. As a positive control purified factor H (50 ng) was added to the reaction mixture. As a negative control 125 I-C3b was incubated in the presence of factor I. The gels were fixed with 5% acetic acid for 10 min, dried and autoradiographed.
RESULTS
Absorption of factor H and FHL-1 from human serum by C. albicans. To determine whether C. albicans binds the human complement regulators factor H and FHL-1, yeast cells were incubated in NHS-EDTA, and after extensive washing the absorbed proteins were eluted. Wash and elution fractions were separated by SDS-PAGE and analyzed by Western blotting using a goat anti-factor H antiserum, which detects both the 150-kDa factor H and the 42-kDa FHL-1 protein. The presence of both factor H and FHL-1 in the elution fractions shows that C. albicans is able to acquire both human complement regulators from NHS ( Fig. 1, lane 2) .
Binding of factor H and FHL-1 from NHS to intact cells of C. albicans. Binding of factor H and FHL-1 to intact C. albicans and the surface distribution of the absorbed immune regulators were analyzed by immunofluorescence microscopy. Cells were incubated in NHS-EDTA first and after thorough washing were stained with the appropriate antibody. As there is no antibody available for the specific detection of FHL-1, we used a subtractive approach to assay the binding of FHL-1. Antiserum against SCRs 1 to 4 (detecting both factor H and FHL-1 at their common N-terminal SCRs) as well as antiserum against SCRs 19 and 20 (specific for factor H recognizing the C-terminal SCRs) were used. The clear positive staining with anti-SCR 1 to 4 antiserum shows binding of factor H and FHL-1 to C. albicans ( Fig. 2A) . When antiserum specific for factor H (anti-SCRs 19 and 20) was used, staining was evident but less intense (Fig. 2B) . The bound proteins showed a rather patchy surface distribution, suggesting a clustering of the ligand molecules on the surface of C. albicans. Incubation with the secondary-conjugated antibody alone after incubation in NHS-EDTA and incubation in buffer instead of NHS-EDTA (data not shown) were performed as control experiments. No positive staining was observed in either case.
To quantify the binding of factor H and FHL-1 from NHS-EDTA and to further verify the results attachment was also analyzed by flow cytometry. Using an antiserum detecting both factor H and FHL-1 (anti-SCRs 1 to 4) binding of factor H and FHL-1 to C. albicans was observed (Fig. 3A) . When antiserum specific for factor H (anti-SCRs 19 and 20) was used, binding was clearly positive (Fig. 3A) compared to that of the control but was less intense compared to the staining with anti-SCRs 1 to 4. Binding of factor H and FHL-1 was dose dependent, as upon incubation in increasing concentrations of NHS-EDTA (5, 40, and 80%) the intensity of the signal increased accordingly (Fig. 3B) .
Binding of purified factor H and FHL-1 to intact C. albicans cells. To further confirm, quantitate, and test the specificity of binding, binding assays were repeated with purified factor H and purified recombinant FHL-1, both labeled with 125 I. After incubation with the labeled proteins the unbound protein was removed by centrifugation. The fraction of surface bound protein is expressed as a percentage and is compared to the total radioactivity used. Binding was prominent at a cell concentration of 10 9 and was directly dependent on the available surface area. At a low cell concentration less binding was seen (data not shown).
The specificity of binding was further assayed by competition experiments, which confirmed the specific effect of this interaction. Increasing concentrations of unlabeled factor H, ranging from 0.01 to 1 g per reaction, showed a dose-dependent inhibition to the binding of radiolabeled factor H to C. albicans on October 15, 2017 by guest http://iai.asm.org/ (Fig. 4) . As a control we also measured binding of another serum protein (C3b) and bovine serum albumin to the cells of C. albicans and detected no binding. Interaction with host complement occurs at 37°C. We therefore also assayed the effect of temperature and compared binding of the immune regulators at 28 and 37°C. Comparable amounts of radiolabeled proteins were bound at 28 and 37°C; however, slightly lower binding values were observed at 37°C (Table 1) . Again binding of unrelated proteins C3b and bovine serum albumin was at background levels.
Specificity of the interaction was also assayed with other Candida strains. In addition to C. albicans the other analyzed strains C. glabrata, C. krusei, C. tropicalis, and C. parapsilosis showed similar binding of human host immune regulators and related amounts/concentration of proteins were absorbed to the yeast surface (data not shown).
The effect of heparin to factor H binding. Factor H has heparin interaction sites which have been localized to SCR 7, SCR 13, and SCR 20 (45) . As similar domains of factor H are involved in attachment to microbial surfaces, we assayed whether heparin directly affects surface deposition of factor H to C. albicans. Binding of 125 I-labeled factor H was assayed in the presence of increasing amounts of heparin. Heparin inhibited attachment of factor H in a dose-dependent manner, and at a concentration of heparin of 1,000 IU/ml, binding of factor H to C. albicans was almost completely abolished (Fig. 5 ). This indicates that the binding site of factor H to C. albicans overlaps substantially with the heparin binding sites on the native protein or may even be identical. Absorption and binding of FHL-1 to C. albicans. As both complement regulators, factor H and FHL-1, are present in NHS and since there is no specific antibody for the detection of FHL-1, we used recombinant FHL-1 to confirm the binding of this protein. C. albicans cells were incubated with FHL-1, and after washing the bound protein was eluted. The wash and elution fractions were separated by SDS-PAGE and analyzed by Western blotting using a goat antiserum against factor H. Recombinant FHL-1 became absorbed by the cells (Fig. 6A,  lane 6) , as the 42-kDa FHL-1 protein was present in the elution fraction and not in the wash fraction.
Localization of the binding sites in factor H and FHL-1. To localize the binding domain(s) on factor H and FHL-1, recombinant deletion mutants of the proteins encompassing SCRs 1 to 5, SCRs 1 to 6, SCRs 8 to 20, SCRs 8 to 11, SCRs 15 to 18, SCRs 15 to 20, and SCRs 19 and 20 were used. The fungal cells were incubated with these mutants, and after washing bound proteins were eluted. The wash and elution fractions were separated by SDS-PAGE and analyzed by Western blotting using the polyclonal goat anti-factor H antiserum. This approach identified two distinct binding domains. One domain is located within SCRs 6 and 7, as binding of FHL-1 and SCRs 1 to 6 (Fig. 6A, lanes 4 and 6) but no binding of SCRs 1 to 5 to C. albicans cells was detected (Fig. 6A, lane 2) .
The second binding site, unique to factor H, was localized to SCRs 19 and 20. Recombinant deletion mutants SCRs 8 to 20, SCRs 15 to 20, and SCRs 19 and 20 (Fig. 6A, lane 8 , and 6B, lanes 2 and 6) bound to the C. albicans cells while mutant proteins SCRs 8 to 11 and SCRs 15 to 18 (Fig. 6B, lanes 4 and  8) did not bind. In summary, two binding sites in complement regulators factor H and FHL-1 for C. albicans were identified. One site is located in SCRs 6 and 7 and is common to factor H and FHL-1, and the second site is located in the C terminus (i.e., SCRs 19 and 20) of factor H.
Cofactor activity of the cell-bound factor H and FHL-1. To evaluate whether the surface-attached complement proteins maintain their regulatory function the cofactor activities of factor H and FHL-1 bound to C. albicans were assayed. C. albicans cells were incubated in NHS-EDTA or purified factor H. After intensive washing, purified factor I and 125 I-labeled C3b were added, cells were further incubated, and the cell pellet was separated from supernatants by centrifugation. The cleavage of C3b was assayed by SDS-PAGE and autoradiography. Cofactor activity of the bound regulators is judged by disappearance of C3b ␣Ј-chain and the appearance of cleavage products of 68 and 46 or 43 kDa (Fig. 7, lanes 1 and 2 and 4 and  5) . Cleavage is prominent in the pellet fraction, thus indicating that a significant fraction of the serum regulators is attached and remains bound to the surface. This effect is specific as incubation of Candida in the absence of NHS showed no cofactor activity (Fig. 7, lanes 3 and 6) . The results showed significant cofactor activity in the pelleted samples and much less activity in the supernatant fractions. Thus, these experiments confirm that the regulators acquired from human serum remain attached to the surface of candida and in this surface- (10 9 ) were incubated with 125 I-labeled factor H (approximately 20,000 cpm) in the absence and presence of increasing amount of heparin (10 to 1,000 IU/ml). Bound protein was separated from free radiolabeled protein by centrifugation through a sucrose solution, and the radioactivity of the samples was determined. Results are expressed as a percentage of cell-bound versus free protein. As a control radiolabeled protein was incubated in the absence of heparin or cells. a Effect of temperature on binding of factor H, FHL-1, C3b, and BSA to C. albicans grown at 28 C or at 37°C. The total amounts of bound proteins are expressed as a percentage compared to binding of factor H to the cell form at 28°C (100%). Binding intensities of the indicated radiolabeled proteins were compared to the values obtained for factor H binding to the cell form at 28°C. 
DISCUSSION
In this study we report a novel mechanism of immune evasion for C. albicans. The yeast binds the host complement regulators factor H and FHL-1 and thus gains the ability to control complement activation and the deposition of activation products directly on its surface. The binding of the two central fluid phase regulators, factor H and FHL-1, to the surface of C. albicans was demonstrated by serum absorption, by immunofluorescence, and by FACS analyses. Finally, binding was confirmed by direct binding assays with purified, radiolabeled proteins. Two binding domains were identified by the use of recombinant deletion mutants, and these domains were localized to SCRs 6 and 7 and SCRs 19 and 20. In their surfaceattached configuration the bound proteins maintained their complement-regulatory functions. Evasion from phagocytosis and from direct cytolytic effects of complement seems beneficial for C. albicans and may result in a prolonged survival in the human host.
C. albicans activates both the alternative and the classical pathway of complement (28) . The complement system has an important role in the resistance against disseminated and cutaneous candidiasis, as in guinea pigs lacking a functional complement system C. albicans readily invades the kidneys, and the animals have a high mortality (16) . In addition, antibodies protective against candidiasis require efficient complement deposition on the fungal surface (18) . C. albicans has been shown to have resistance mechanisms to avoid the effects of the complement system. In particular, secreted extracellular proteases, which cleave C3, decrease the opsonic activity of C3 and the newly generated proteolytic fragments (25) . Similarly, receptors for the cleavage products of the central complement component C3 have been identified on C. albicans (6, 17, 19) .
Serum incubation experiments and several biochemical approaches confirm binding of factor H and FHL-1 to the surface of C. albicans. Serum used in these experiments was always treated with EDTA to prevent indirect binding of factor H and FHL-1 via C3b molecules deposited on the C. albicans surface. Several independent approaches presented in this work show binding of the human complement regulators factor H and FHL-1 to C. albicans. The various methods reveal different apparent affinities for factor H and FHL-1. The concentration of factor H in plasma is approximately 500 g/ml, and that of FHL-1 is 50 g/ml (13, 15) . Thus, the concentration of factor H is about 10-fold higher than that of FHL-1, and due to different molecular masses their molar ratio in plasma is about 3.5 to 1. In adsorption experiments preferential binding of factor H is suggested (Fig. 1) . However, the quantitative analysis by FACS (Fig. 3 ) and direct binding assays ( Fig. 4B) with purified, radiolabeled proteins indicate different affinities, with FHL-1 representing 67% (FACS) or 28% (binding assay) of the surface bound proteins.
The use of recombinant deletion mutants identified two binding sites on factor H and FHL-1 which, mediate surface attachment to C. albicans. The first domain, shared by factor H and FHL-1, was located within SCRs 6 and 7, and the second site, specific for factor H, was located within SCRs 19 and 20. With these binding sites, regulators are oriented with the Cterminal ends to the yeast surface and the N-terminal complement regulatory regions pointing to the outside. As the complement regulatory domains of both proteins are located in the N-terminal region this type of attachment allows C3 inactivation in direct vicinity of the cell surface.
Several immune receptors, or complement receptor-like proteins, have been reported on C. albicans. Surface molecules with different molecular masses (42, 55, 66 , and 130 kDa) have been identified and suggested to bind C3d or iC3b (1, 19) . Based on antibody reactivities and requirement for divalent cations a 60-kDa complement receptor 2 (CR2) and a 130-kDa CR3-like protein have been characterized. As mutants of C. albicans with a reduced CR3-like activity are avirulent in animal models, these C3 binding proteins have been considered to be interesting virulence factors (35) . The human CR3 receptor (also termed Mac1, CD11b/CD18, or ␣ M ␤ 2 ), which is ex-pressed on neutrophils, represents a receptor for factor H (9), acts as an adhesion ligand for human neutrophils, and has been reported to play an essential role for leukocyte adhesion to C. albicans. In this regard it is tempting to speculate whether the corresponding C. albicans CR3-like protein has similar properties and may actually represent the ligand for factor H and FHL-1.
Acquisition of host proteins, particularly human complement regulators, seems to represent a central theme in immune evasion of human pathogens (for a review, see references 37 and 46). An increasing number of human pathogens has been shown to bind and acquire soluble human complement regulators from the plasma, such as the AP regulators factor H, FHL-1 and the classical pathway regulator C4BP. Such organisms include S. pyogenes (27) , S. pneumoniae (34), B. burgdorferi (2, 21, 29) , Yersinia enterocolitica (8) , N. gonorrhoeae (39, 40) , N. meningitidis (38) , E. granulosus (8) , and the human immunodeficiency virus (42) . For some pathogens the microbial binding proteins responsible for attachment of the regulators have been identified. These include M protein for S. pyogenes (27) ; complement regulator-acquiring surface protein (CRASP-1), OspE, and CRASPs 2 to 4 of B. burgdorferi (21, 29) ; the sialylated lipo-oligosaccharide and major outer membrane porin of N. gonorrhoeae (39, 40) ; the Hic protein of S. pneumoniae (23) ; filamentous hemagglutinin of B. pertussis (4); and gp120 and gp41 from human immunodeficiency virus (42) .
C. albicans is directly accessible to genetic approaches, and wild type as well as mutant and knockout strains can be directly tested by several virulence assays. Therefore, the identification and cloning of C. albicans molecules involved in interaction and binding of human immune regulators is central for future work and is likely to result in the identification of new virulence factors.
